Schmitz, Dietmar, Tengis Gloveli, Ruth M. Empson, and Uwe mer's and Korsakow's disease (Beal et al. 1989; Crino et Heinemann. Serotonin reduces polysynaptic inhibition via 5-HT 1A al. 1989; Langlais et al. 1987; Tejani-Butt et al. 1995) .
We previously showed that serotonin can effectively de-1116-1121, 1998 . The superficial cells of the entorhinal cortex creases excitatory postsynaptic potentials (EPSPs) in princi- (EC) , main input to the hippocampus, receive a serotonergic input pal cells in the EC (Schmitz et al. 1995a (Schmitz et al. , 1997 (Schmitz et al. , 1998 . from the raphe nuclei and express 5-hydroxytryptamine creatine However, it has been reported that most of the superficial sulfate complex (5-HT) receptors at high density. With the use of EC neurons are under strong inhibitory control (Gloveli et intracellular recordings, we investigated the effects of serotonin on al. 1997a-c; Jones -1995 . Moreover, the balance besynaptic inhibition of layer II and III neurons of the EC. Serotonin tween synaptic excitation and inhibition seems to play a reduced both polysynaptic fast and slow inhibitory postsynaptic potentials (IPSPs) in projection neurons of the superficial EC. crucial role within this area for epileptogenesis (Heinemann Polysynaptic fast and slow IPSPs were depressed by serotonin in 1987; Jones and Heinemann 1988) and ''information transa dose-dependent manner (0.1-100 mM). Serotonin in a concentra-fer'' to the hippocampus (Gloveli et al. 1997b; ).
tion of 1 mM reduced the amplitudes of polysynaptic fast and slow
We therefore recorded from EC layers II and III projection IPSPs by Ç40 and 50%, respectively. To identify the subtype of and local circuit cells to clarify the effects and mechanisms the 5-HT-receptor mediating the effects on polysynaptic IPSPs, by which serotonin affects inhibitory synaptic transmission we applied various 5-HT-receptor agonists and antagonists. Al-in the superficial EC.
though the serotonin agonists for the 5-HT 1B,2C,3 receptors were ineffective, the effects were mimicked by the 5-HT 1A -receptor agonists (8-OH-DPAT, 5-CT) and prevented by the 5-HT 1A -re-M E T H O D S ceptor antagonist . To look at the direct effects of 5-HT
Slice preparation
on inhibitory interneurons, we elicited monosynaptic IPSPs in the absence of excitatory synaptic transmisson. In contrast to the polyHorizontal slices containing the hippocampus, entorhinal, perisynaptic IPSPs, monosynaptic IPSPs were not significantly affected rhinal, and temporal cortex were prepared from adult Wistar rats by serotonin. Recordings from putative inhibitory interneurons re-(180-250 g). In brief, the animals were deeply anesthetized with vealed that their excitatory postsynaptic potentials (EPSPs) were ether, decapitated, and the brain removed. Tissue blocks containing reversibly reduced by serotonin. We conclude that serotonin sup-the temporal cortex and hippocampus were mounted on a Vibrapresses polysynaptic inhibition in projection neurons of layers II tome (Campden Instruments, Loughborough, UK) in a chamber and III of the EC by depression of EPSPs on inhibitory interneurons filled with cold (Ç4ЊC) artificial cerebrospinal fluid (ACSF) convia 5-HT 1A receptors.
taining (in mM) 124 NaCl, 26 NaHCO 3 , 3 KCl, 1.25 NaH 2 PO 4 , 1.6 CaCl 2 , 1.8 MgSO 4 , and 10 glucose, saturated with 95% O 2 -5% CO 2 , pH 7.4. Horizontal slices were cut at 400-mm thickness
and transferred to an interface chamber where they were maintained at 35ЊC and perfused with ACSF at a rate of 1.5-1.8 ml/min. The
The superficial cells of the entorhinal cortex (EC) form slices were allowed to rest for ¢1 h after the preparation before the two branches of the perforant path, the main input to the recording.
hippocampus (Steward and Scoville 1976 It has been reported that serotonergic fibers entering the mm OD) and filled with 2 M K / -acetate. Electrode resistance EC and 5-HT receptors are expressed at high density in the was 35-120 MV. Intracellular recordings were performed with a superficial layers (Bobillier et al. 1975; Mengod et al. 1996; Neurodata IR 183 (Neurodata Instruments, New York, NY) or a . So far, there SEC10L (NPI Instruments, Tamm, Germany) amplifier. Cells were is only little known about the functional role of serotonin in impaled and then allowed to rest for 5-10 min before recording.
Only cells with resting potentials more negative than -50 mV were the EC. However, changes in the serotonergic system are (74% decrease; n Å 7, P õ 0.01), whereas the sIPSPs were diminished from -3.4 { 0.8 to -0.9 { 0.4 mV (74% Drugs and solutions decrease; n Å 6, P õ 0.01; Fig. 1 , A and B). We did observe in approximately one-third of the cells (6/20 neurons tested) Bicuculline methiodide (5 mM) and 5-HT (0.1-100 mM) were that serotonin induced a small hyperpolarization (1-3 mV) both purchased from Sigma (Deisenhofen, Germany). ( 2-methyl-5-hydroxytryptamine maleate (2-methyl-5-HT; 50 mM), of the cell, suggesting that the effects of 5-HT on synaptic a-methyl-5-hydroxytryptamine maleate (a-methyl-5-HT; 50 mM), transmission were independent of the properties of the post-5-carboxamido-tryptamine maleate (5-CT; 1 mM), and ritanserin synaptic cell.
(10 mM) were all from Research Biochemicals (Natick, MA).
Effects of 5-HT-receptor agonists and antagonists on
sulfonamide (NBQX; 10 mM) was a gift from Novo Nordisk (Bagpolysynaptic IPSPs svaerd, Denmark), and CGP55845A (2 mM) was a gift from CibaGeigy (Basel, Switzerland).
To identify the subtype of the 5-HT receptor mediating the depression of polysynaptic IPSPs, we applied various Data analysis and statistics specific agonists: 8-OH-DPAT and 5-CT (both agonists on the 5-HT 1A and 5-HT 7 receptor), CGS-12066 (5-HT 1B ), ϰ-Data were analyzed off-line with SIGAVG (CED, Cambridge, UK) or Wintida (HEKA, Lambrecht, Germany) software. Ampli-methyl-5-HT (5-HT 2C ), and 2-methyl-5-HT (5-HT 3 ). Howtudes of evoked synaptic potentials were measured from averaged ever, only 8-OH-DPAT and 5-CT mimicked the effect of 5-(3-10) sweeps. Data are expressed as means { SE. Because the HT on polysynaptic IPSPs (Fig. 2 , A-C). 5-CT reduced the mean data values are rounded to one number after the comma, the polysynaptic f IPSPs from -2.5 { 0.5 to -1.0 { 0.4 mV percentage change is in some occasions slightly different. Drug (62% decrease; n Å 7, P õ 0.01) and the polysynaptic effects were analyzed with Student's t-test (Sigmaplot, Jandel, sIPSPs from -2.4 { 0.5 to -0.7 { 0.2 mV (70% decrease; Corte Madera, USA) for paired data, and an error probability of n Å 7, P õ 0.01). In seven cells 8-OH-DPAT reduced the P õ 0.05 was regarded as significant.
polysynaptic f IPSPs from -4.0 { 1.1 to -1.5 { 0.7 mV (70% decrease; P õ 0.01) and the sIPSPs from -3.0 { 0.6 R E S U L T S to -1.0 { 0.4 mV (67% decrease; P õ 0.01). In contrast, all other specific agonistic drugs (CGS-12066, a-methyl-5-We performed intracellular recordings from projection HT, 2-methyl-5-HT) were ineffective to mimick the serotoand local circuit neurons of layers II and III of the medial nin effect on polysynaptic IPSPs (not shown). This result EC. We could identify different projection and local circuitsuggests that 5-HT 1A and/or 5-HT 7 receptors are involved cells on the basis of the previously reported morphological in the effect of serotonin. The 5-HT 7 receptor is a recently and electrophysiological characteristics (Alonso and Klink identified 5-HT-receptor subtype (Lovenberg et al. 1993; Gloveli et al. 1997a; Jones 1994) . Ruat et al. 1993 ) that has a closely related agonist profile as the 5-HT 1A receptor. However, the 5-HT 7 -receptor antagSerotonin reduces IPSP independent of the effects on onist ritanserin could not antagonize the effect of serotonin membrane properties on polysynaptic IPSPs (n Å 5, P Å 0.3). On the other hand, the 5-HT 1A -receptor antagonist NAN-190 antagonized the EPSP-polysynaptic inhibitory postsynaptic potential effect of serotonin on polysynaptic IPSPs ( f IPSPs: -2.6 { (IPSP) sequences in projection neurons of the superficial 0.5 to -2.5 { 0.3 mV, n Å 5, P Å 0.7; sIPSPs: -2.1 { 0.6 EC were evoked by electrical stimulation of the lateral EC.
to -2.2 { 1.0 mV, n Å 5, P Å 0.6). Thus the depression In a first series of experiments we tested serotonin in a of the polysynaptic IPSPs appears to be mediated by 5-HT 1A concentration range of 0.1-100 mM on polysynaptic IPSPs.
receptors. Both polysynaptic fast and slow IPSPs ( f IPSPs and sIPSPs, respectively) were depressed by serotonin in a dose-dependent manner. At a concentration of 0.1 mM the polysynaptic Effects of serotonin on monosynaptic IPSPs f IPSP and sIPSPs were reduced from -3.0 { 0.6 to 2.6 { 0.3 mV (12% decrease; n Å 4, P õ 0.05) and -2.5 { To look at the direct effects of 5-HT on inhibitory interneurons, we elicited monosynaptic IPSPs in the absence of 0.5 to -2.1 { 0.3 mV (17% decrease; n Å 4, P õ 0.05), respectively. At a concentration of 1 mM the f IPSPs were excitatory synaptic potentials by local stimulation in the presence of NBQX and APV (Fig. 3) . Under these condireduced from -2.7 { 0.6 to -1.7 { 0.5 mV (38% decrease; n Å 13, P õ 0.01) and the sIPSPs from -2.0 { 0.5 to -tions, a f IPSP or a f IPSP and sIPSP sequence could be recorded. The f IPSP and sIPSPs were pharmacologically 1.0 { 0.3 mV (52% decrease; n Å 16, P õ 0.01). After application of 10 mM, f IPSPs were depressed from -3.7 { identified as g-aminobutyric acid-A (GABA A ) and GABA B receptor-mediated events by their sensitivity to bicuculline 0.2 to -1.4 { 0.5 mV (62% decrease; n Å 9, P õ 0.01) and the sIPSPs from -2.5 { 0.4 to -0.8 { 0.2 mV (68% and CGP55845A (n Å 4 for each). However, serotonin (10 mM) had no significant effect on monosynaptic IPSPs in the decrease; n Å 10, P õ 0. 
3). In detail, we observed small reductions in f IPSPs
Our data show that serotonin induces changes of synaptic in 6 of 15 cells (12 { 8% reduction). Six cells of these 15 inhibition of EC layer II and III cells. Because these neurons cells did not respond to 5-HT at all, and the remaining 3 of the EC form the main input to the hippocampus proper cells responded even with a small increase (10 { 8%). In (Steward and Scoville 1976) , the modulation by serotonin the presence of NBQX and APV, sIPSPs were very small will markedly alter the information flow to the hippocampus. (see Fig. 3 ) or nonexistent. When present they were not consistent and only marginally affected by serotonin. However, occasionally, a relatively strong reduction of the mono-Effects of serotonin on IPSPs in the EC synaptic sIPSPs was seen, but these studies were the exception rather than the rule, and the variability of the effects
In our experiments polysynaptic f IPSP and sIPSPs were precluded any closer examination.
reduced by serotonin at low concentrations (Ç40 and 50% reduction at 1 mM for f IPSP and sIPSPs, respectively). A Serotonin decreases EPSPs in local circuit neurons reduction of polysynaptic f IPSP (Schmitz et al. 1995b ) and sIPSPs (Schmitz et al. 1995b; Segal 1990 ) was also reported Local circuit neurons can be distinguished from projection cells by a number of morphological and electrophysiological for hippocampal area CA1. In area CA3 and in the dentate gyrus a modulation of GABA B responses by serotonin was criteria (Gloveli et al. 1997a; Jones and Buhl 1993) . During the experiments, seven cells showed such properties; they reported (Ghadimi et al. 1994; Oleskevich and Lacaille 1992) , and more recently a reduction of spontaneous GAhad faster action potentials with a sharp onset of the spikeafterhyperpolarization or/and fired with higher frequencies BA A -mediated IPSPs via 5-HT 1A receptors was described in granule cells of the area dentata (Bijak and Misgeld 1997) . and with less accomodation and often triggered doublets of action potentials on the top of synaptically evoked EPSPs Interestingly, activation of 5-HT 4 receptors can reverse this effect (Bijak and Misgeld 1997) . However, when IPSPs (see Fig. 4, A-C) . Despite some variation in the expression of each of these properties, we classified the neurons as local were pharmacologically isolated and monosynaptically isolated in the superficial EC they were much more resistant circuit neurons (Gloveli et al. 1997a; Jones and Buhl 1993) . Because of the consistent effects of serotonin onto these to serotonin and were only occasionally and then not often homogenously affected by serotonin. This lack of affection cells, data were pooled for analysis. We evoked excitatory postsynaptic potentials in these neurons by electrical stimu-of monosynaptic GABA-mediated transmission in the EC was also described for the noradrenergic and dopaminergic lation of the lateral EC. Serotonin (10 mM) reversibly reduced the amplitude of synaptically evoked EPSPs by 59 { system (Pralong and Jones 1993; Pralong and Magistretti 1995) . This is in direct contrast to the hippocampus, where 11% (P õ 0.05, n Å 7, see Fig. 4D ). In two of such cells the specific 5-HT 1A -receptor agonist 8-OH-DPAT reduced both the monosynaptic f IPSP and sIPSPs are reduced by serotonin via a presynaptic mechanism (Ghadimi et al. 1994 ; the EPSP amplitudes by 42 and 49%, respectively. . Control value is 100% in both diagrams. Oleskevich and Lacaille 1992; Schmitz et al. 1995b; Segal The increase in total cell conductance induced by 5-HT is important for the interpretation of the depressant effects on 1990). Thus the suppression of polysynaptic f IPSP and sIPSPs in the EC is most likely caused by a reduced feed-synaptic responses because a general membrane conductance increase can reduce the amplitude of synaptic events (Ginsborg forward or feed-back glutamate-mediated excitation of inhibitory interneurons. Indeed, this suggestion is supported 1973). However, at least four arguments exclude such a postsynaptic shunting effect. First, only about one-third of neurons by recordings from local circuit cells, presumably inhibitory interneurons, where the EPSPs were reversibly reduced by of the superficial medial EC were slightly hyperpolarized by serotonin, and in the other two-thirds of neurons we could serotonin (see Fig. 4 ). Thus it is likely that the effects of 5-HT on polysynaptic IPSPs are mediated by a suppression observe a significant reduction in synaptic responses in the absence of any intrinsic conductance changes (e.g., Fig. 1A ). of excitatory potentials at inhibitory interneurons. We recently showed that EPSPs in principal cells of the superficial Second, when increases in total cell conductance were seen, they were almost always outlived by the reduction of synaptic EC are reduced by a presynaptic mechanism (Schmitz et al. 1998) , and it is conceivable that this is the mechanism of responses. Third, the concentration of serotonin necessary to affect synaptic potentials was lower than that which directly EPSP reduction in putative interneurons as well. FIG . 3. Effects of serotonin on monosynaptic IPSPs. After the application of the glutamate-receptor antagonists NBQX and APV, all components of the PSPs were blocked (not shown; same cell as in Fig.  1 ; layer III-type 2 neuron) but we were able to evoke monosynaptic f IPSP and sIPSPs by a close stimulation position. In contrast to the polysynaptic IPSPs (see Fig. 1 ), the monosynaptic IPSPs were not affected by serotonin (10 mM).
FIG . 4. Effects of serotonin on synaptically evoked EPSPs in a putative inhibitory interneuron of the superficial EC.
A-C: electrophysiological characteristics of a putative inhibitory interneuron recorded on the border of layer II and III of the medial EC. A: neuron fired at high frequency (up to 400 Hz) and generated by lower current injection groups of action potentials, which were interrupted by membrane potential oscillations ( top trace). B: width of the action potential at half height was õ250 ms; note also the sharp onset and the amplitude of the spike afterhyperpolarization (same cell, but the action potential was elicited by a short depolarizing pulse). C: synaptic response of the same cell to lateral EC stimulation. Often more than 1 action potential could be triggered on the top of the EPSPs. Note also the afterspike depolarization. D: after the application of 5-HT (10 mM) the EPSPs were reduced and recovered completely after washout. Note the differences in time and amplitude scales. altered membrane potential (not shown). Fourth, if serotonin IPSPs was only antagonized by the 5-HT 1A -receptor antagonist. These results suggest that activation of the 5-HT 1A rewould reduce the IPSP only by shunting them in the dendrites, one must expect that the monosynaptic IPSPs would be af-ceptor is most likely responsible for the depression of polysynaptic IPSPs. fected, too, but this was not the case. In addition, shunting of EPSPs in the dendrites of inhibitory interneurons seems to be In summary, we conclude that serotonin suppresses polysynaptic inhibition in layers II and III of the EC via 5-HT 1A also very unlikely because only one of the putative interneurons was slightly hyperpolarized by serotonin. We therefore receptors and depression of EPSPs on putative inhibitory interneurons. This modulatory action might affect the balconclude that the main effect of serotonin in the superficial layers of the EC is not caused by alterations of intrinsic neu-ance between excitation and inhibition within cortical networks and will alter the ''information flow'' from the EC ronal properties but is specifically linked to a selective depression of synaptic potentials.
to the hippocampus. The 5-HT 1A,1B,2C,3 -receptor subtypes show a high density
